shaft comes through the compressor housing to prevent refrigerant from leaking out. In hermetic-type compressor, motor and compressor are enclosed in the same housing to avoid the leakage at the seal. In this case, the motor is electrically insulated to operate even though it is in contact with refrigerant. The cold suction gas is drawn across the motor to keep the motor cool. Hermetic compressors are employed from 19th century and widely used in domestic refrigerators, air-conditioners because of their simplicity and flexibility of refrigeration capacity.
Many mathematical models and simulations of reciprocating compressors are available in open literature. Navarro et al.
[1] proposed a new model for reciprocating compressors. The model solves out the general efficiency and volumetric efficiency by employing 10 empirical parameters that can be determined by curve fitting of experimental results. They proposed a curve fitting method based on Monte Carlo method that allows using some experimental results from the compressor's catalogue for curve fitting. Bin Yang et al. [2] proposed a comprehensive model for a semi-hermetic CO2 compressor. The model consists of three sub-models that simulate kinematics, compression process and friction losses. The model is validated for compressor
A B S T R A C T
T he first generation of refrigeration compressors is reciprocating type compressors, the second generation is scroll type, and the third generation is screw type compressors that are available on the market. Although the need of semi-hermetic refrigeration compressor in Turkey market is 15000 per year, there is no any domestic manufacturer of semi-hermetic refrigeration compressor, and consequently Turkey imports all of the refrigeration compressors from abroad market. In this study, the performance and the manufacturing processes of the semi-hermetic refrigeration compressor that is designed and manufactured with a hundred percent of domestic opportunities are investigated. The performance tests of the compressor are done, the catalogue of the compressor is prepared and it is 12 % more efficient in comparison with equivalent European one.
compressors in order to enlighten material selection of the designed compressor in this work. The cross sections of both compressors are subjected to metallographic investigation. The sample surfaces are grounded using 120,240,320,600,800 and 1200 mesh papers and polished using 6, 3 and 1µm diamond solutions. Fig. 2 and 3 show microstructural images of Bock and Bitzer compressor bodies and engine crank surfaces, respectively. The microstructural investigation of piston materials is performed for both compressors. Fig.4 shows microstructural investigation results of both piston materials
The systematic investigation is carried out for compressor body material selection as shown in Fig. 2 to 4 . These systematic investigations lead to the selection of compressor body materials as GG 25. The chemical analysis results of the designed compressor body material are given in Table  2 . Standard E-145 and E-171 are selected as piston and rod materials.
power and mass flow rate. Damle et al. [3] proposed an object oriented numerical simulation. Pe´rez-Segarra et al. [4] proposed a thermodynamics model calculating volumetric efficiency, isentropic efficiency and combined mechanicalelectrical efficiency. Klein [5] proposed a semi-analytical model determining performance curve of a compressor. The model is validated by employing a calorimetric experimental setup. Refrigerant-12 is used as a heat source while cooling the condenser by a chiller. Flesch and Normey-Rico [6] designed a calorimeter for evaluating the performance of a refrigeration compressor; they proposed a model to calculate the performance parameters by using measured data.
In this study, designing, manufacturing and performance testing processes of a semi-hermetic, 4-piston refrigeration compressor is presented. All the processes are based on domestic facilities. The processes presented in this study are design, material selection, stress analysis, compressor manufacturing, motor design, manufacturing the rest of the compressor's components, and design and manufacturing of calorimetry.
MATERIAL AND METHODS

The Compressor
Thermodynamics design calculation of the compressor is done according to the model given by Bin Yang et al. [2] . Some geometrical dimension of the designed compressor is given in Table 1 . The design of the compressor is done by using Solidwork (see Fig. 1 ). All of the components of the compressor are manufactured in Turkey.
Material selection
The microstructural investigation and chemical analysis of compressor bodies are performed in Bock and Bitzer 
Structural Reliability of Critical Parts
Compressor body and crankshaft are evaluated to be the most critical parts to check structural reliability because they are subjected to variable loading as a result of reciprocating motions. radially on other bearing. With this type of boundary set up, the worsening effect of torque coming from electric motor is also taken into account for the most conservative estimate for reliability.
The maximum Von-Misses stress under these conditions is turned to be 184 MPa for the crankshaft and the maximum displacement is about 0.057 mm. These values are quite safe when the strength values of crankshaft material (forge steel) are considered. These analyses proved the structural reliability of compressor body and crankshaft under static and quasi-static conditions respectively. However, a modal analysis may also be necessary especially under high rate of rotational speeds. Modal analysis is also executed using Solidworks Professional and the frequencies for the first five modes are found to be 1680.7 Hz, 3585.5 Hz, 4996.2 Hz, 5304.6 Hz and 7749.9 Hz. The angular speed for service conditions is 24.16 Hz (1450 rpm) and this is much smaller than the frequency of first mode. Therefore, it is predicted that vibrations will not be a problem under the set-up considered in this compressor.
The Motor
In this study, three phase squirrel cage induction motor has been chosen as the drive motor of the compressor due to suitable for semi-hermetic refrigeration compressor and ease of manufacture. Design power of the compressor is 7.5 kW and revolutions per minute are 1450 rpm. In order to provide 7.5 kW output power of the motor, stator and rotor core length has been chosen as 120 mm. An air-cooled condenser with PID controlled-fan is used in the setup. The PID control on the condenser fan allows regulating the condensation temperature. The condenser unit is placed in outdoor environment. A plate heat exchanger (PHE) is used as subcooler that is connected to a chiller unit. Depending on the outdoor temperature, incomplete condensation may occur in the condenser. The subcooler ensures a complete condensation. Otherwise, incomplete condensation results in unstable working conditions, as a result, the system does not reach to steady conditions in case of incomplete condensation.
The Working Principle of Calorimeter
The calorimeter is the most important equipment of the experimental setup. Basically, the calorimeter is a tank containing a helical coil, refrigerant-134a, and electrical heater as it is seen from Fig. 8 . R-404A, which is the working fluid of the experimental setup, boils while flowing through the coil. Heat sink to the coil is R-134a which is available at the bottom of the tank. The heater is immersed into liquid R-134a. The heater causes liquid R-134a to evaporate. And vapor of the R-134a rises and contacts to the coil and condenses on it while R-404A evaporates inside the coil. The state of R-404A is superheated vapor at the coil exit. The core idea designing the calorimeter is to provide an isothermal heat sink to the working fluid of R-404A. Charging pressure of the R-134a inside the tank is around 6 bar corresponding 20 o C saturation temperature. The heater is equipped with PID-capacity control that changes the heater power to ensure a desired superIn order to get desired speed, stator windings have been chosen as 4 poles. Since the compressor and motor will be in the same body, the stator outer and inner diameter values are defined as given in the Table 3 . Performance analysis of the motor was carried out by using Maxwell, which software is using analytical and finite elements methods. As a result of the analysis, the motor is manufactured according to the data, which are given in Table-3 and placed in the main body of the compressor. Since the insulation of the winding wires is manufactured according to the coolant flow, the stator slot filling factor has been chosen about 50%. The cross-sectional image of the designed induction motor is given in Fig. 6 .
Design and Manufacture of Calorimetric Setup
A calorimetric experimental setup is designed to determine the coefficient of performance (COP) of the manufactured compressor. The illustration of the setup is shown in Fig. 7 . After charging oil into the manufactured compressor, it is connected to the setup. An oil separator is used after compressor exit to ensure a precise mass flow rate measurement of the working fluid, which is Refrigerant-404A. Figure 8 . Calorimeter heat of R-404A. Because refrigeration capacity of a compressor is given according to the superheat at the compressor inlet in compressor's catalogues, the superheat value is attained as a control parameter. The PID control of the heater measures the temperature of R-404A at the inlet of the coil and calculates desired temperature of the R-404A at the exit of the coil by adding a set value of superheat to the inlet temperature. The PID control arranges the heater power according to difference between the desired and the measured exit temperature.
The Calculations of Calorimeter
Heat transfer surface area of the coil and the pressure drop across the coil are important parameters for designing the coil. Heat transfer surface area of the coil is calculated as follow,
where As,coil, Q ev , U, T t ,T ev denote surface area of the coil based on outer diameter, refrigeration capacity of the compressor, overall heat transfer coefficient of the coil, saturation temperature of the fluid inside the tank (R-134a), and evaporation temperature of the fluid flowing inside the coil, i.e., R-404A, respectively. Qev in Eq. 1 must be the maximum refrigeration capacity of the compressor. Total tube length of the coil,
where Lcoil is the open length of the coil tube, and do is outer diameter of the tube. The inner diameter of the tube is determined by calculating pressure drop.
Overall heat transfer coefficient for the coil is calculated as follows,
where h coil,i and h coil,o stand for convective heat transfer coefficient inside and the outside of the coil, respectively. The thermal resistance of the tube wall is ignored in Eq. 3.
Convective heat transfer coefficient inside the coil, hcoil,i, is called convective boiling heat transfer coefficient (CBHTC) in the literature. Correlations are available for CBHTC in helical coil [7] [8] [9] [10] [11] . The most famous one among those correlations is Schrock-Grossman's correlation [7, 8] . Zhao et al. [8] made some modifications on SchrockGrossman's correlation to make it more accurate, namely the accuracy of the modified correlation is around %12. The modified Schrock-Grossman's correlation is given below, 
, ev s coil
where h coil,i is CBHTC, h lo and Re lo are liquid only heat transfer coefficient and Reynolds number for the total flow assumed to be liquid, d i inner diameter of coil tube, D helix is helix diameter of coil, X tt is Martinelli parameter, B o is boiling number, i fg is enthalpy of vaporization, r m  is mass flow rate of working fluid, G is mass flux, q is heat flux, Q ev evaporation heat rate in the coil or another saying compressor refrigeration capacity, As,coil is coil surface area, A c is crosssectional area of coil tube, and the subscript lo denotes for liquid only. CBHTC, h coil,i , in Eq. 4 is calculated depending on the quality, namely, x. Therefore, the local hcoil,i is calculated by incrementing the quality, dx, from its value at the inlet of the coil to unity. Then, integral average of 
The quality at the coil inlet is calculated by using the correlation given below, ( 
where T cd,e is temperature of working fluid (R-404A) at coil exit, Tev is evaporation temperature inside the coil. Because laminar film condensation occurs at outer surface of the coil, i.e., tank side, the correlation known as Nusselt theory [12] is used for the tank side heat transfer coefficient.
where subscript v stands for vapor phase, T cd is condensation temperature of R-134a inside the tank, T w is wall temperature of the coil that is calculated as follows,
The parameter i_fg^' in Eq. 3 is calculated as follows,
0.68
The coil surface area is calculated according to the flowchart given in Fig 9. When the pressure drop is calculated, it must be taken into consideration that the flow is two-phase and the construction of the coil is helix. Two-phase flow pressure drop in a helical coil is calculated by using the correlation given by Zhao et.al. [8] . The correlation is given briefly for the reader convenience. Generally, the two-phase frictional multiplier is employed to correlate the frictional pressure drop of twophase flow. Its definition is
where ΔP TP is the two-phase flow frictional pressure drop and ΔP lo is the single-phase frictional pressure drop. Zhao et al. [8] suggested following correlation, which has an uncertainty of ±15%, for the two-phase frictional multiplier. Friction factor for single-phase flow in helical coil is calculated by using White correlation [8] .
( ) 4 2
where Lcoil is total tube length of the coil and G is the mass flux.
Because the pressure drop through the coil is fulfilled by the tested compressor, the higher the pressure drops inside the coil, the lower the COP of compressor. Therefore, the two-phase flow frictional pressure drop calculated according to Eqs. 16-19 must be minimal for designing helical coil.
Refrigeration Capacity Calculations of the Compressor
The mass flow rate of the working fluid is measured by a mass flowmeter. Thermodynamic properties of the working fluid (R-404A) are calculated by using the equations given by Sözen et.al. [13] .
Refrigeration capacity of the compressor is calculated as follows, 
where N cy is number of cylinder (4), D cy is diameter of cylinder (55mm), H is stroke (39.5mm), n is revolution per minute (1450 rpm).
Refrigeration coefficient of performance of the compressor (COPR) is calculated as follows,
Where ev Q  is calculated by using Eq. 21.
Condenser heat capacity is calculated as follows,
Where i cd,e and i cd,i are enthalpy of working fluid at outlet and inlet of the condenser.
Subcooler heat rate is calculated as follows,
where i sc,e and i sc,i are the enthalpies of working fluid at exit and inlet of subcooler.
Motor work rate is calculated as follows,
Overall efficiency of the compressor is calculated as follows,
where com W  is calculated by using Eq. 28, P m is the motor power that is measured.
MEASUREMENT, DATA ACQUISITION AND CONTROL
Working principle and control of the experimental setup
The automation, control and data acquisition system of calorimetric experimental setup work on following principle: simultaneous data reading from the sensors on the setup, saving those data on PLC, converting the saved data to desired units, inserting the converted data to the mathematical model given n the previous section and saving results, activating or inactivating required control functions depending on those saved results, rearranging analog outputs of some of the control functions and then saving the yielded raw data, converted data and results of calculations on arrays of PLC, importing those data arrays to a USB file through USB port located on HMI.
Instrumentation
Uninsulated, flat-surface PT100 and PT1000 sensors are used for temperature measurements to ensure a short response time and high accuracy. Also, these sensors are placed into their slots on the experimental setup by applying heat transfer paste. The uncertainty and conversion accuracy of the PT100 and PT1000 sensors are ± 0.1 °C, ± 0.01 °C and 0.1 °C, 0.01 °C, respectively. Analog signals of the sensors are transferred to the PLC via PT100/PT1000 data input module of the PLC's manufacturer.
Pressure transmitters are chosen as 4-20mA output signal, because of possible static electricity and EMI effects. Analog signals of the transmitters are transferred to the PLC via 4-20mA data input module of the PLC's manufacturer. Measuring range of the transmitters is chosen in two different types due to pressure level of the system. Meanwhile, -0.8 to 7 bar measurement range is chosen in low level pressure part of the system, 0 to 30 bar measurement range is chosen in high level pressure part of the system. Energy analyzer is used to measure electrical current, voltage, cosØ, frequency, and both real time and total consumption of power. In measurement of the current, the current transformators are used, which have C1:0.5 accuracy class and they are certified by UEDAŞ laboratory. Data acquisition between energy analyzer and PLC is done via RS 485/2 port by using MODBUS RTU protocol with 38,600 bps.
Rotational speed of the condenser fans and subcooler pump are controlled with an AC inventer and the power of the heaters is controlled by a SRC unit with 50 kW. Both the inverter and the SRC are controlled by the PLC. Mass flow rate of the working fluid of R-404A is controlled by using electronic expansion valve (ExV) that has a DANFOSS® EKD 316 superheat controller. Data acquisition between the superheat controller and PLC is done via RS 485/2 port by using MODBUS RTU protocol with 38,600 bps.
A Coriolis type mass flowmeter is used for measuring mass flow rate of R-404A. Data acquisition between the flowmeter and PLC is done via RS 485/2 port by using MODBUS RTU protocol with 38,600 bps. The oil flow rate is measured by using a mass flowmeter with pulse signal output that is converted to desired units via high speed HSC counter placed on the PLC.
A touch-screen with high resolution HMI is used to start the experimental setup, enter the input parameters, and monitor tables, graphics and analogue or digital data. The HMI has a large data saving capacity and it is capable to import data to USB. Data acquisition between HMI and the PLC is done via RS 232 port by using MODBUS RTU protocol with 115,200 bps.
A high speed PLC having a particular MCU that is capable of doing 32 bite float mathematical operations is preferred. The PLC has a CPU with 19 ns cycle speed. Analog to digital conversion of all analogue sensors and transmitters is done in 69 ms and also finishes all of the communications via MODBUS RTU protocol in 160 ms. The cycle duration for the entire programme 97 ms and the programme runs independent of communication process.
Besides the equipment mentioned above, various relays, fuses, power contactors, and terminal blocks are used.
RESULTS AND DISCUSSION
The coil, i.e., evaporator, is designed by a code written according to the flowchart based on the model given n the previous sections. Considering manufacturing limitations, inner diameter of coil tube and helix diameter of the coil are attained as d i = 12 mm and D helix = 125 mm, respectively. As results, the total tube length of the coil is calculated 43 m and corresponding pressure drop is calculated as 18.7 MPa, which is unacceptable. Governing parameters on the pressure drop are tube diameter, total tube length and mass flow rate. It is not reasonable to increase the tube diameter because of manufacturing limitations. The largest tube diameter that we enable to manufacture coil is limited to ½ inch. Therefore, in order to decrease the pressure drop, the total length of the tube is divided into 7 parts and 7 identical helical coils are manufactured. The flow rate for every coil is decreased by one out of seven in this case. Therefore, decreasing the tube length and flow rate one out of seven, it is expected to decrease the pressure drop dramatically because the tube length and the flow rate for any coil are a multiplier factors as it is seen from Eqs. 16 to 19. Thus, running the code again with this new design approach yields 0.054 MPa of pressure drop that is acceptable. As a result, 7 identical helical coils are manufactured, one of the helical coils is placed on center and while the rest are placed in circumference of the tank. A refrigerant distributor is used to ensure an equal mass flow through each coil.
As it is mentioned before, R-134a as a seconder fluid is charged into tank with 5.7 bar and 20 o C. A sight glass is placed on the tank wall at the bottom side for surveillance if the liquid level of the R-134a above the heaters. Besides, pressure and temperature inside the tank are measured with a pressure transmitter and a PT100 sensor to check if the design conditions are satisfied.
Because the calorimetric experimental setup is our own product, first of all, experimental validation is necessary. For this purpose, a H751CC model DORIN® compressor that is European original trademark is tested via the calorimetric experimental setup and the measured performance parameters are compared with those given in the compressor's catalog. Results are given in Fig. 10 to 12 . Fig. 10 shows the comparison of the motor power while Fig. 11 is showing refrigeration capacity. As it is seen from those figures, values given in the catalog for both motor power and refrigeration capacity are in good agreement with those experimentally measured data by using the setup. Refrigeration COP of the compressor is compared in Fig. 12 . As it is seen from the figure, the deficiency between the measured values and catalog values for COPR are around 11-15 % . The uncertainty calculated by using the method given by Kline and McClintock [14] for the COPR is±10.3%. Considering the uncertainity of ±10.3% and the uncertainity of the catalog's values, the deficiency in Fig. 3 is in acceptable limitations. As results Fig. 10 to 12 shows that the validity of After validating the experimental setup, the manufactured compressor is tested by employing the setup. The parameters such as refrigeration capacity, motor power and COPR, which are necessary performance parameters that a compressor catalog must contain, are determined and a compressor catalog is prepared [15] . The performance parameters mentioned above are calculated by using the mean values of 50 measured data saving 30 s time intervals. Fig. 13 shows the comparison of the motor power of the manufactured compressor and DORIN compressor.As seen, the manufactured compressor consumes less power comparing to DORIN. It is better to compare both of the compressors with a dimensionless parameter of COPR. Fig.  14 shows the comparison of COPR of the compressors. As seen, the COPR of the manufactured compressor is higher than that of DORIN compressor's by around 12%. As a result, performance of the first domestic compressor of Turkey is as good as an equivalent European original. 
